The genera Amphiprion and Premnas comprise the common anemonefish that are widely distributed in tropical areas. Species identification of these two genera is difficult due to high, intraspecific, morphological variation. Recently, DNA barcoding has been employed as an efficient tool that uses a short genetic marker in an organism's DNA to enable the identification and recognition of cryptic species. This study applied three regions of mitochondrial DNAdcytochrome c oxidase I (COI), cytochrome b (Cytb) and 16S rRNAdas DNA barcodes for species identification of seven species of Amphiprion and one species of Premnas in Thailand. Three species-delimitation methodsdgeneral mixed Yule-coalescent (GMYC), automatic barcoding gap detection (ABGD) and a Bayesian implementation of the Poisson tree processes model (bPTP)dwere also used to estimate the number of species. An overlap was found between the intra-and inter-specific genetic divergence values in Cytb and 16S rRNA, but not for the COI data. This indicated that COI was the most effective for identifying different anemonefish species. A three-gene phylogenetic analysis and species-delimitation methods based on both COI and Cytb data suggested cryptic diversity in Amphiprion clarkii, A. percula, A. ocellaris and Premnas biaculeatus. Different distributions were found also for two cryptic species of A. clarkiadone restricted to the Gulf of Thailand and the other to the Andaman Sea. The results confirmed the efficiency of COI as a suitable marker for species identification of anemonefish.
Introduction
Anemonefish or clownfish (family Pomacentridae) have a mutualistic symbiotic relationship with the tropical sea anemones (Elliott et al., 1999) . Their chance of attack by predators increases when away from their sea anemone host, resulting in only short excursions. Anemonefish are therefore indicators, which can be used to investigate the geographical distribution of species with high ecological speciation in the marine environment (Timm et al., 2008) . Thirty species of anemonefish are recognized in the two genera of Premnas and Amphiprion (Allen, 1975) . Amphiprion is further divided into four subgenera (Actinicola, Paramphiprion, Phalerebus, and Amphiprion) which are mainly distinguished by their color patterns. However, closely related species exhibit some differences in their color pattern, for example Amphiprion akallopisos and A. sandaracinos or A. perideraion and A. nigripes and moreover, A. frenatus and A. melanopus together with A. ocellaris and A. percula have highly similar color patterns (Allen, 1975) . A. ocellaris displays different color patterns according to its geographic distribution. For example, black A. ocellaris with white bands is found in waters around Northern Australia, Southeast Asia and Japan, while the orange A. ocellaris occurs typically in the Eastern Indian Ocean and the Western Pacific Ocean (Allen, 1997) . The single species in the genus Premnasdthe maroon anemonefish (Premnas biaculeatus)dhas two different patterns with both white and golden yellow striped bands. This striping color variation results from a number of factors including nutrition (Michael, 2008) . The maroon clownfish hails from the Indo-West Pacific and is found throughout the Indo-Australian Archipelago including India, Burma, Thailand, Malaysia, Indonesia, Philippines, New Guinea, New Britain, Solomon Islands, Vanuatu and Australia (Froese and Pauly, 2000) . The color patterns cannot be used as a diagnostic characteristic for species identification, leading to misidentification and incorrect species boundaries (Allen, 1997) .
Modern taxonomy now relies increasingly on molecular tools using DNA sequences of a short standardized region to compare with sequences of a particular species in databases. This is known as 'DNA barcoding' and has been successfully used to determine the biodiversity, ecological applications and forensic wildlife of many organisms (Hebert et al., 2003a,b; Carvalho et al., 2011; Dubey et al., 2011; Feng et al., 2011; Pereira et al., 2011; Gaur et al., 2012; Pramual and Adler, 2014) . Barcodes are constructed from reliably identified reference specimens and retained in reference sequence libraries. The degree of nucleotide divergence between individuals is considered for species identification when inter-species variations become greater than intra-species diversity. The gene most commonly used as a marker for the barcode is the mitochondrial cytochrome c oxidase I (COI) gene (Hebert et al., 2003a (Hebert et al., , 2004 Chaves et al., 2008; Supikamolseni et al., 2015; Laopichienpong et al., 2016) . The 648-bp segment of the 5 0 COI gene sequences is used as a universal DNA marker for the identification of animals, including fish (Folmer et al., 1994; Ivanova et al., 2007; Steinke et al., 2009a,b) . All available sequences and barcodes are submitted to the Consortium for the Barcode of Life (CBOL) which is concerned with DNA barcoding worldwide for global species identification. However, different mitochondrial genes such as cytochrome b (Cytb) and 16S rRNA have also been used as barcoding markers for several fish species with varying levels of success (Sevilla et al., 2007; Rock et al., 2008; Smith et al., 2008) . Mitochondrial COI and Cytb genes have provided distinctive barcode cut-off scores for anemonefish species identification in India (Dhaneesh et al., 2015) . Notably, substitution rates of mitochondrial DNA (mtDNA) vary between and within species, resulting in broad overlaps of intra-and inter-specific genetic distances (Rubinoff et al., 2006; Chao et al., 2014) . A large number of samples is therefore required to determine the best candidate gene marker for each species. The assessment of DNA barcodes across broad geographic ranges is also important for effective species identification.
This study constructed a reference database of eight anemonefish, constituting almost 80% of the species found in Thailand (Allen, 1975) , using COI, Cytb and 16S rRNA barcoding. Species identification using DNA barcodes was then assessed using the degree of nucleotide sequence divergence, barcoding gaps and phylogenetic clustering analysis to test both utility and accuracy. Different methods of DNA-based species delimitation were also applied to estimate the number of species.
Materials and methods

Specimen collection and DNA extraction
Forty individual specimens were examined of seven Amphiprion spp. (two varieties of A. ocellarisdorange and black, A. clarkii, A. polymnus, A. akallopisos, A. ephippium, A. percula, and A. frenatus) and two varieties of P. biaculeatusdwhite stripe and yellow stripe (Table 1) . The anemonefish samples were morphologically identified following Allen (1975) . Animal care and all experimental procedures were approved by the Animal Experiment Committee, Kasetsart University, Bangkok, Thailand (approval no. ACKU01257), and conducted according to the Regulations on Animal Experiments in Kasetsart University. Whole-genomic DNA was isolated from fish fins and muscles according to standard salting out protocol following Supikamolseni et al. (2015) and used as a template for polymerase chain reaction (PCR). DNA quality and concentration were determined using 1% agarose gel electrophoresis and spectrophotometric analysis.
Polymerase chain reaction amplification and sequencing
Partial DNA fragments of the COI gene were amplified using primers FF2 and FR1d (Ivanova et al., 2007) , and the PCR-product fragment regions were overlapped with those of the universal COI primers (Folmer et al., 1994) . For Cytb and 16S rRNA genes, partial DNA fragments were amplified using AmphicytbF: 5 0 -ATTGCBA-CAGCCTTTTCTTC-3 0 and AmphicytbR: 5 0 -GTGGAAGGARATTTTGTCT GC-3 0 for the Cytb gene and Amphi16SF 5 0 -AACAACATAAGCTTCTG ATTACTC-3 0 and AmphicytbR: 5 0 -GGTTGGTGGTTTCGTCCATG-3 0 for the 16S rRNA gene. These were designed based on newly available nucleotide sequence data of teleost fishes. PCR amplification was performed using 15 mL of 1Â ThermalPol buffer, containing 1.5 mM MgCl 2 , 0.2 mM dNTPs, 5.0 mM of primers, 0.5 U of Taq polymerase (Vivantis Technologies Sdn Bhd; Selangor Darul Ehsan, Malaysia), and 25 ng of genomic DNA. PCR conditions were as follows: an initial denaturation at 94 C for 3 min, followed by 35 cycles of 94 C for 30 s, 50e60 C for 30 s, 72 C for 45 s and a final extension at 72 C for 7 min. The PCR products were molecularly cloned using pTG19-T cloning vector (Vivantis Technologies Sdn Bhd; Selangor Darul Ehsan, Malaysia), and the nucleotide sequences of the DNA fragments were determined by the DNA sequencing service of 1st BASE Laboratories Sdn Bhd (Seri Kembangan, Selangor, Malaysia). Nucleotide sequences of three DNA clones were searched for homologies with nucleotide sequences in the National Center for Biotechnology Information (NCBI) database to identify the objective genes using BLASTn and BLASTx programs (http://blast.ncbi. nlm.nih.gov/Blast.cgi), and then deposited in the DNA Data Bank of Japan (DDBJ; http://www.ddbj.nig.ac.jp/index-e.html) and the Barcode of Life Data Systems (BOLD) ( Table 1) .
Sequence divergence and phylogenetic clustering analysis
In total, 120 sequences (8 species with 40 individuals) from COI, Cytb, and 16S rRNA genes were generated, and 13 sequences of 6 Amphiprion species (A. frenatus, A. perideraion, A. akallopisos, A. bicinctus, A. percula, and A. ocellaris) and 2 sequences of Abudefduf vaigiensis and Paratilapia polleni were retrieved from the GenBank database. Multiple sequence alignment was performed using the MEGA6 software with the default parameters (Tamura et al., 2013) . All unalignable and gap-containing sites were carefully removed and trimmed from the four datasets (COI, Cytb, 16S rRNA genes and concatenated sequences), and the level of sequence divergence within and between species was estimated using Kimura's-twoparameter (K2P) model as implemented in MEGA6. Base composition for each nucleotide dataset was measured using PAUP* v4.0b10 (Swofford, 2003) . Phylogenetic clustering analyses of the four datasets were then performed using two different methodsdBayesian inference (BI) and maximum likelihood (ML). The bestfit model of DNA substitution was determined for each gene using the program Kakusan4 (Tanabe, 2007) . BI analyses were performed using MrBayes v3.0b4 (Huelsenbeck and Ronquist, 2001 ). The Markov chain Monte Carlo (MCMC) process was set to run four chains simultaneously for one million generations. After the loglikelihood value plateaued, a sampling procedure was performed every 100 generations to obtain 10,000 trees, and subsequently to provide a majority-rule consensus tree with average branch lengths. All sample points prior to reaching convergence were discarded as burn-in, and the Bayesian posterior probability in the sampled tree population was obtained in percentage terms. ML analyses for all datasets were performed using Treefinder software (Jobb et al., 2004) within the tool package Phylogear v2.0 (Tanabe, 2008) , followed by bootstrap analysis conducted with 1000 replications.
Species delimitation
DNA-based species delimitations were tested using separate datasets of COI and Cytb by three different methodsdgeneral mixed Yule-coalescent (GMYC) (Pons et al., 2006) , automatic barcoding gap detection (ABGD) (Puillandre et al., 2012 ) and a Bayesian implementation of the Poisson tree processes model (bPTP) (Zhang et al., 2013) . For the GMYC delimitation method, an ultrametric tree was constructed in BEAST v2.0.2 (Drummond et al., 2012) , relying on the uncorrelated lognormal relaxed clock GTR þ I þ G, and a coalescent tree prior. MCMC was run for 20 million generations, and trees and parameters were sampled every 1000 generations. Log files were visualized in Tracers v1.6 (Rambaut et al., 2015) to assess the stationary state of parameters by the value of their estimated effective sample size (ESS). After removing 25% of the trees as burn-in, the remainders were used to generate a single summarized tree in TreeAnnotator v2.0.2 (part of the BEAST v2.0.2 package) as an input file for GMYC analyses. The GMYC analyses with a single threshold model were performed in R (R Development Core Team, http://www.R-project.org) under the 'splits' package Table 1 Classification and accession numbers of samples used in the current study. Bold letters indicate the sequence accession number derived in this study. The remaining sequence accession numbers were taken from the GenBank database (GT, the Gulf of Thailand; ADM, the Andaman Sea).
Species
Collection code Locality detail Voucher number Accession number
using the 'gmyc' function (R-Forge, http://r-forge.r-project.org/ projects/splits/). The ABGD method was tested via a web interface (ABGD web, http://wwwabi.snv.jussieu.fr/public/abgd/abgdweb. html). Before analysis, model criteria were set as follows: intraspecific variability (P) between 0.001 (P min ) and 0.1 (P max ), minimum gap width (X) of 0.1, K2P and 50 screening steps. In addition, bPTP analyses of COI and Cytb datasets were performed on the web (http://species.h-its.org/ptp/) with a Bayesian tree obtained in MrBayes v3.0b4 (Huelsenbeck and Ronquist, 2001) .
Results
Barcode construction
The nucleotide sequences of COI, Cytb and 16S rRNA barcodes were successfully retrieved from 40 samples (eight species). All the 16S rRNA, COI and Cytb datasets showed no insertions, deletions or stop codons in the sequences of COI and Cytb datasets. All nucleotide sequences were trimmed, and the datasets of aligned COI, Cytb and 16S rRNA fragments showed 589, 392 and 376 nucleotides, 
Specific nucleotide mutation analysis
The occurrence of species-specific nucleotide sequences was examined by evaluating the same single nucleotide among members of a species. All the COI, Cytb and 16S rRNA sequences obtained in this study and those previously deposited in the database were investigated for species-specific nucleotide polymorphisms ( Table 2 ). The specific nucleotides found in the COI, Cytb and 16S rRNA sequences were respectively 42 (9 species), 21 (7 species) and 17 (6 species) specific nucleotides, which could feasibly be used to discriminate between species.
Sequence divergence
Multiple samples in each species were used to search for intraspecific sequence divergence. The average p-distance and K2P divergences, respectively, were 0.99 ± 0.01% and 4.15 ± 0.52% for COI, 1.35 ± 0.04% and 4.32 ± 0.34% for Cytb, and 0.85 ± 0.02% and 2.14 ± 0.29% for 16S rRNA genes (Table 3 ). The degree of p-distance and K2P divergences, respectively, of COI, Cytb and 16S rRNA fragments obtained in this study, and those previously deposited in the database for each species were 0e1.19% and 0e1.20% for COI, 0e3.29% and 0e3.32% for Cytb, and 0e4.01% and 0e4.03% for 16S rRNA. The average interspecific K2P divergences of COI, Cytb and 16S rRNA were 7 ± 0.77%, 9 ± 0.54% and 6.50 ± 0.31%, respectively (Table 3 ). The dataset of interspecific sequence divergence is shown in Table 4 .
The maximum intraspecific K2P divergences were 2.30% in A. frenatus for COI, 4.20% in A. bicinctus for Cytb, and 1.9% in A. clarkii for 16S rRNA genes, respectively. By contrast, the minimum interspecific K2P divergences were 2.2% between A. akallopisos and A. perideraion for COI, 1% between A. frenatus and A. ephippium for Cytb and 0% between A. frenatus and A. ephippium for 16S rRNA, respectively. These divergence values between the minimum interspecific and maximum intraspecific divergences were taken to be the threshold level of species identification and thereby considered as a barcoding gap. Within the COI dataset, gaps were found in A. akallopisos, A. bicinctus, A. clarkiil, A. ephippium, A. frenatus, A. percula, A. perideraion, A. polymnus, A. ocellaris and P. biaculeatus. Within Cytb dataset, the gaps were found in A. akallopisos, A. clarkii, A. ephippium, A. frenatus, A. ocellaris, A. percula, A. polymnus and P. biaculeatus. Within the 16S rRNA dataset, gaps were found in A. akallopisos, A. bicinctus, A. clarkii, A. polymnus, A. perideraion and P. biaculeatus. However, there was a significant overlap without gaps in the Cytb and 16S rRNA datasets. Using a two-marker combination of COI and Cytb genes, gaps were found in all species.
Because of the high intraspecific and low interspecific values of 16S rRNA, their 16S rRNA values were not examined for concatenated sequences. The COI þ Cytb concatenated maximum intraspecific K2P divergence was 3.30% in A. percula and the minimum interspecific K2P divergence was 1.2% between A. frenatus and A. ephippium. The results showed that marker combinations can differentiate all anemonefish species. 
Phylogenetic reconstruction
The ML and Bayesian methods yielded very similar tree topologies for the three individual markers and the combined dataset. The results were presented using the combined dataset-based Bayesian topology with the support value from both analyses indicated at each node (Fig. 1) . Within the Amphiprion clade, two well-supported clades were recognized, being clade 2A consisting of A. percula and A. ocellaris (ML ¼ 100%, BI ¼ 1.00), corresponding to their morphology-based species assignment in the clownfish complex, and clade 1A consisting of the remaining species (ML ¼ 95%, BI ¼ 1.00). In clade 2A containing A. percula and A. ocellaris, well-supported clades were recognized (Fig. 1 , ML > 85%, BI > 95%).
In clade 1A, A. clarkii was recovered as a sister to the remaining species. A. akallopisos, A. polymnus, A. frenatus and A. ephippium formed a monophyletic clade with strong support (ML > 85%, BI ¼ 1.00). A. perideration and A. akallopisos formed a wellsupported clade (ML ¼ 100%, BI ¼ 1.00), corresponding to the morphological features of the skunk complex. Clades of A. ephippium and A. frenatus were grouped together (ML ¼ 100%, BI ¼ 1.00), representing the morphology of the ephippium complex. The sequence of A. frenatus (KJ833753) retrieved from GenBank was placed with the samples of A. ephippium. The A. ephippium-A. frenatus clade was positioned close to A. polymnus (saddleback complex).
The clade of P. biaculeatus was composed of samples from both coasts of Thailand. This species was morphologically assigned to the maroon complex as the samples clearly showed two different body bar colors of white (PBWS1e4) and yellow (PBYS1e2). Several well-supported clades were recognized (ML > 85%, BI ¼ 100).
Species delimitation
Three different methods for species delimitation (GMYC, ABGD and bPTP) based on the separate COI and Cytb datasets supported a single species of A. ephippium and A. frenatus, but indicated multiple cryptic species in other Amphiprion species and P. biaculeatus (Fig. 1 ). Singletons were also observed from sequences retrieved from GenBank (A. akallopisos JF434726, A. frenatus KJ833753 and A. percula KJ174497). Species delimitation based on the COI dataset Table 4 Comparison of average interspecific sequence divergence (%) obtained in this study.
Species1
Species2 Delimiting Amphiprion and Premnas species using the COI dataset yielded different numbers of putative species depending on the methods. The GMYC method (ln L GMYC ¼ 232.146 > ln L 0 ¼ 214.212, P ¼ 0.001) recognized 19 species, followed by the ABGD method with 18 species (p ¼ 0.001) and the bPTP method recovered 13 species. All the species delimitation methods indicated a single species of A. ephippium, A. frenatus, A. polymnus and A. perideration, and multiple species of A. bicinctus (2 putative species), A. clarkii (2 putative species), A. percula (2 putative species), A. ocellaris (3 or 4 putative species) and P. biaculeatus (2 putative species).
For Cytb, three different methods provided incongruent numbers of putative species as 22 for GMYC, 20 for ABGD and 23 for bPTP. Three species (A. ephippium, A. frenatus and A. akallopisos) were recognized as a single cluster across the three different methods, while several single morphospecies were genetically identified as multiple cryptic species (for example, A. bicinctus, A. clarkii, A. ocellaris, A. percula and P. biaculeatus).
Discussion
Species identification using DNA barcoding
This was the first study to assess the resolution of DNA barcoding for identifying anemonefish species in Thailand. Species identification through DNA barcoding is constructed where interspecific divergences are sufficiently greater than intraspecific divergences (Hebert et al., 2003a,b) . Among the three markers, COI and Cytb were effective for species identification of Thai anemonefish, while 16S rRNA showed a low level of genetic divergence that occasionally failed to identify fish species. These findings were congruent with several previous studies, indicating that the 16S rRNA gene was a powerful but not perfect barcode for fish species (Zhang and Hanner, 2012) and other organisms (Xia et al., 2012; Lv et al., 2014; Sanchez et al., 2016) .
The COI and Cytb genes have often provided distinctive, barcoded, cut-off scores which have been widely used as genetic markers for identification of fish species (Ivanova et al., 2007; Nicolas et al., 2012) . The current results indicated that all anemonefish species were readily distinguishable by COI barcodes, while Cytb could identify some species. The overlap of inter-and intraspecific genetic divergence was also observed in Cytb. Additionally, many diagnostic nucleotide sequences that differentiated each species were found in the COI dataset, but not for Cytb. Furthermore, the analysis of intra-and inter-specific distances using two different algorithms (p-distance and K2P) found that the K2P value was higher than the p-distance divergences for all markers. Therefore, K2P divergences were applied to evaluate the reliability and usefulness of a pure distance-based approach in each marker, using a 10Â threshold of average K2P divergence for congeneric species as suggested by Hebert et al. (2004) . Sequence divergence among the average congeneric species was determined at 11.29 times higher than the average divergence within species for the COI barcode. By contrast, the average interspecific sequence divergences of the Cytb and 16S rRNA genes within each genus were 8.1 and 4.7 times higher than the intraspecific distance. Therefore, it was proposed that the COI gene is a suitable DNA barcode marker for anemonefish species identification.
Phylogeny and species delimitation
The molecular data indicated a monophyletic group of the genera Amphiprion and Premnas (Allen, 1975) . Within the genus Amphiprion, two major clades (1A and 2A) were recognized, and the separation of these two clades was congruent with the differences in morphology and ecological behavior of the members of each major clade (Allen, 1975 (Allen, , 1997 . For example, the body shape (body depth and total length) of A. percula and A. ocellaris (clade 2A) are relatively distinct from other species in the clade 1A. However, the morphological features and ecological behavior of our anemonefish samples were not thoroughly observed; hence, it is not possible to clarify the relationship between genetic data and their morphology and ecology. Further study on morphometrics, geographic distribution and ecological behavior is required to verify the taxonomic status and true diversity of these anemonefish species in Thailand and adjacent waters.
The current phylogenetic results strongly indicated the occurrence of multiple well-supported clades within the genera Amphiprion and Premnas. In clade 2A, the relationship between A. percula and A. ocellaris was incompletely resolved. However, both the three-gene phylogenetic analyses and the three different species delimitations indicated that A. percula had at least two genetic lineages and A. ocellaris had at least three genetic lineages. This suggests the possibility of cryptic diversity in these two species. Interestingly, the sequence of A. percula from China (KJ174497) was positioned with the A. ocellaris group, and the congruent result of all species delimitation algorithms suggested putative species of the Chinese samples. This could either be due to the morphological misidentification of the Chinese samples, or the recognition of undiscovered species of the genus Amphiprion. Increased sampling with more variable genetic markers could help to clarify the relationship and taxonomic status of these anemonefish species.
Within clade 1A, the sequences of A. ephippium, A. frenatus, A. polymnus and A. akallopisos indicated a monophyletic group for each species. Samples of A. ephippium were clustered with A. frenatus from China (KJ833753), and this ambiguous grouping could be due to the misidentification of the Chinese species. In addition, the molecular data in the current study suggested the cryptic species of A. akallopisos, with the recognition of two genetic lineagesdone from Thailand and the other from Madagascar (JF434726). This implies that the occurrence of cryptic diversity of this species was likely caused by geographic disjunction. Future study on the global phylogeographic pattern of A. akallopisos will contribute to knowledge of the speciation process of cryptic species and the connectivity of marine populations.
Amphiprion clarkii has two genetic lineages across the Gulf of Thailand and the Andaman Sea. One lineage (A. clarkii ACL 1e3) is confined to the Andaman Sea, while the other (A. clarkii ACL 4e10) is only found in the Gulf of Thailand. Current data indicates genetic differentiation between the two Thai coastal areas, suggesting a lack of connectivity between the two coasts. A genetic break between the Gulf of Thailand and the Andaman Sea populations was also observed in other marine organisms, for example, the mangrove Rhizophora apiculata Blume (Ng et al., 2015) , the Asian moon scallop Amusium pleuronectes Linnaeus (Mahidol et al., 2007) , and the marine red algae Bostrychia (Saengkaew et al., 2016) .
Molecular data indicated two cryptic species of P. biaculeatus which correlated with the different color patterns on their bodies as either a white stripe or a yellow stripe. While the current data revealed the possibility of cryptic species of P. biaculeatus in Thailand, more intensive sampling and morphometric analyses are needed to verify their true taxonomic position.
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